, and the activity elicited by object presenCambridge, Massachusetts 02138 tations was compared with the activity elicited by nameless controls (e.g., scrambled masks). The resultant differential activity represents a combination of several Summary recognition-related processes and not only those exclusively associated with explicit object recognition. (InThe cortical mechanisms associated with conscious deed, the cortical activation in this study concentrated object recognition were studied using functional magin several foci, though with different characteristics.) In netic resonance imaging (fMRI). Participants were resummary, previous studies could not distinguish recogquired to recognize pictures of masked objects that nition itself from other related processes preceding and were presented very briefly, randomly and repeatedly.
Introduction measured by the fMRI signal) elicited by trials in which participants were able to recognize pictures of familiar The ability to recognize visual objects is a crucial comobjects and to compare it with the activity elicited by ponent of our everyday interaction with the environment. trials in which the participants were very close but unWhile many aspects of object recognition have been able to recognize the same set of objects. The visual characterized behaviorally, little is known about their stimulation and the task requirements were identical in neural correlates. The purpose of this study was to deboth cases; the only difference was subjects' recognifine the cortical mechanisms specifically involved in tion performance. conscious object recognition.
In addition, by comparing the cortical activation elicPrevious human imaging studies of visual recognition ited in the different levels of recognition success, this have identified several brain regions that demonstrate design allowed addressing directly the question of "object-related" activity. In a typical neuroimaging study whether visual awareness of identity is associated with of "object-related" processes (Kosslyn et al., 1995; Maa corresponding discrete or gradual change in cortical lach et al., 1995; Martin et al., 1996; Kanwisher et al., activation. 1997a; Ishai et al., 1999), activity elicited by the presentaTwelve healthy human participants were scanned tion of familiar objects has been compared with that while they performed an object recognition task. In this elicited by presenting textures, abstract objects, and task, pictures of familiar objects were presented very other nameless patterns. The objects in these experibriefly (26 ms), interposed between two masks. Particiments were usually presented for a relatively long durapants were required to recognize each of the objects tion and were not masked. Therefore, in addition to and to respond by pressing one of four buttons, indicatprocesses that are directly related to object recognition, ing their level of knowledge about the identity of the the activity revealed in these studies may also reflect object (1 represented the lowest, and 4 represented successful recognition; see Experimental Procedures). The same object image was repeated, intermixed with ‡ To whom correspondence should be addressed (e-mail: bar@nmr.
mgh.harvard.edu).
the presentation of the other objects, up to five times. It has been shown that objects that are not recognized side the scanner, in which a different group of 12 subjects was required to name the objects aloud. Average on a given brief presentation can nonetheless be recognized in a later presentation even under identical condipercent correct naming was 21.37% (Ϯ 1.52%) for the masked pictures, compared with 97.03% (Ϯ 0.37%) for tions, a phenomenon termed subliminal visual priming (Bar and Biederman, 1998, 1999) . Therefore, by repeatthe nonmasked. Figure 1A shows the differential activity elicited by edly presenting the same objects, subjects had multiple opportunities for successful recognition of those obtrials in which subjects recognized the masked objects jects. In addition, some of the images appeared for a (pressing key 4) compared with trials in which they could sixth time, without a mask and for longer duration (221 "almost" recognize the masked objects (pressing key ms). These latter presentations were readily recogniz-3). We assumed that higher ratings reflected more sucable and provided another reference for successful reccessful processing. Therefore, when we subtract 3 from ognition.
4, the remaining activity is taken to reflect the processes directly associated with the transition from "almost" recognition to successful recognition. The activation in this anterior fusiform focus, and to plished to the same extent in the "almost" recognition and in the successful recognition trials. Subsequently, a smaller extent also in the OTS, increased linearly as a function of subjective rating of recognition success because areas that are known to be involved in lowand midlevel visual processing (V1, V2, V4v, LO) did not (p Ͻ 0.000001; Figure 1B ; see Experimental Procedures for details of the statistical analyses). Consequently, this show differential activation, it is reasonable to propose that the ventrotemporal foci in the fusiform and OTS activation is suggested to reflect the processing of object identity.
were directly involved in the transition from "almost" to successful recognition, and not simply in low-level An additional focus of consistent activation was revealed by this comparison, located in the inferior frontal sensory processing. Figure 2 shows the gradual changes that occurred as gyri (IFG; 28, 32, Ϫ6 in the left hemisphere and 39, 32, Ϫ11 in the right). This activation was not directly modusubjects' recognition rating increased. Activity in the . Therefore, the the nonmasked recognized trials than in the masked recognized trials. In other words, although recognition only explanatory variable for cortical signal change in the fusiform gyrus and the OTS was subjective rating was possible in both conditions, the activity that was elicited in the PHG for masked and nonmasked recogof recognition success. In other words, fMRI signal changed as an exclusive function of recognition level. nized trials was different. Consequently, it appears that the PHG is not directly involved in explicit recognition. Figure 4 illustrates the average activity over time in specific regions of interest (ROIs). These ROIs include This parahippocampal activation may instead reflect postrecognition processes such as semantic analysis retinotopic areas (V1, V2, V4v), as well as regions in which activation was both consistent among subjects and visual memory consolidation, which occur more often when recognition is easy and uninterrupted. This and related to explicit recognition (see Experimental Procedures). Several patterns are worth emphasizing. supports the proposal that-of all the activated sitesthe cortical region that mediates explicit recognition lies
The posterior activity in retinotopic areas V1 and V2 was similar for masked presentations, regardless of recin the anterior fusiform gyrus and possibly also in the OTS. ognition performance. Thus, V1 and V2 have only an indirect role in the conscious perception of object idenThere was also a substantial MR signal decrease, compared with the fixation baseline, in the most anterior tity. In these areas, the activity elicited by the nonmasked presentations was smaller than that elicited by regions of the temporal lobe and in the frontal cortex. This decrease occurred during the conditions before the masked conditions, likely due to the lack of visual stimulation and transients caused by the mask. successful recognition was possible (i.e., 2 and 3), and it may therefore reflect prerecognition processes (e.g., In area V4v (Tootell et al., 1997), the response to masked and nonmasked trials was similar, perhaps relocal competition).
When designing the experiment, we initially predicted flecting the sensitivity of cells in V4v to features more complex than those contained in the masks (Gallant et that recognition would improve consistently with each repetition. The data, however, reveal that subjects' ratal., 1996; Pasupathy and Connor, 1999). Response patterns were quite different in the fusiform ings did not increase monotonically during the five repetitions. On average, ratings peaked on the third presengyrus and the OTS. In these regions, the recognized objects in the masked and nonmasked conditions protation (average 2.16). (Average rating was 2.07 on the first presentation, 2.06 on the second, 2.16 on the third, duced similar activity, which was stronger than the activity elicited in this region by the nonrecognized trials. 2.03 on the fourth, and 2.06 on the fifth.) Afterward, recognition performance declined somewhat (perhaps The fusiform activation was considerably higher than that of the OTS (Figure 4) . These are the first cortical due to fatigue or boredom). In other words, significant foci in which the activity level was not modulated by objects due to impairment in grouping and segmentation. Nonetheless, these patients may be able to imagine stimulus properties (as in V1 and V2) but was instead objects and draw them from memory, indicating intact dependent on recognition success.
representations. Our data suggest that, of all these subprocesses, the Discussion anterior fusiform gyrus mediates explicit identification. Post-recognition mechanisms (e.g., activation of seSeveral processes are subsumed under the broad catemantic knowledge and memory consolidation) are megory of "object recognition." In what follows, we propose diated by the PHG and the prefrontal cortex, while an association between the activity we observed and prerecognition analysis (e.g., feature extraction and intersubprocesses involved in object recognition. mediate shape processing) is presumably handled by Confining our discussion to bottom-up models of obmore posterior areas. Because of the gradual manner ject recognition, visual features are first extracted in by which activation increased with recognition level in lower-level areas (e.g., V1, V2, V3, V3A, V4v) and are later the fusiform, however, it is clear that this region was projected to higher-level regions (e.g., inferior temporal already active before explicit recognition was possible. cortex), where a visual representation of the input image This early activation in the fusiform may also be considis formed. Presumably, this representation is then comered as prerecognition analysis. Unlike the posterior pared with object representations stored in memory.
foci, however, this activation is more likely to reflect When a match is found, a representation of object iden-"high-level" prerecognition processes such as matching tity is activated, and the association of the input image with stored object representations, rather than midlevel with an object is accomplished. Studies of brain-damshape analysis. Future studies are required to discrimiaged human patients support this division of object recnate the exact cortical distribution of prerecognition proognition into several subprocesses (Behrmann et 
identified in which activity increased directly as a linear
The instructions required explicitly that subjects would press 4 when they could recognize the object, 3 when they had some idea function of the ability to recognize objects. Unlike the about the shape (e.g., elongation and orientation) but could not activity in retinotopic areas, activity in this site was modrecognize the object, press 2 when they noticed a presentation of ulated by recognition success and not by stimulus propan image but nothing about the shape and identity, and 1 when erties. Visual awareness of an object's identity seems they could not even distinguish the presentation of the image from associated with a continuous rather than abrupt change the presentation of the masks. In addition, because of the extraordinary difficulty of this task, we emphasized to the subjects at the of cortical activity. As subjects gained more information beginning of the experiment that they should not reserve the 4 key about an object's identity, activity in the temporal lobe for trials in which they were absolutely sure what the object identity intensified and propagated anteriorly. These findings was but rather use 4 even when they only had a "good guess." support reports of single-unit studies in monkeys that These instructions were designed to minimize cases in which subrevealed a cortical hierarchy of object representation in jects presses 3 although they were able to recognize the objects, the temporal lobe (Tanaka, 1993) . 
